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Total proctocolectomy followed by formation of an ileo-anal pouch (IAP) is a well established surgical procedure for patients with chronic ulcerative colitis (UC) or familial adenomatous polyposis (FAP).
1 2 Pouchitis is a well known complication following restorative proctocolectomy and is most common in UC patients with a reported incidence of 7-42%. 3 Inflammation of the pouch (pouchitis) is reflected by macroscopic lesions such as erythema, haemorrhage, focal ulcerations, aphthous lesions, and severe crypt hyperplasia.
Recent observations suggest that the extracellular matrix (ECM) actively controls the key steps in the process of wound healing and tissue regeneration (for review see Raghow 4 ). Increased synthesis and functional activity of matrix degrading enzymes was related to tissue injury in a number of disease states. [5] [6] [7] [8] Degradation of the ECM during both normal tissue remodelling and in pathological conditions is achieved through the concerted action of a diverse array of extracellular proteases. Among these, the matrix metalloproteinases (MMPs) are of central importance. At present 24 diVerent MMPs are known, not all of which are currently characterised for their biological function. 9 They are divided into three subclasses based on substrate specificity 10 and are produced by various cell types (that is, fibroblasts and inflammatory cells). There are multiple levels at which expression and activation of MMPs and their physiological counterparts, the tissue inhibitors of metalloproteinases (TIMPs), are regulated, and biologically active agents such as growth factors, cytokines, and oncogenes are inducers of gene expression. MMP-1 (synonymous with interstitial collagenase or collagenase type I) is the main enzyme that cleaves fibrillar collagen, namely types I, II, III, VII, and X. Cleavage of intact fibrillar collagens is in fact restricted to MMP-1 and MMP-5 (interstitial and neutrophil collagenases). MMP-2 (synonymous with collagenase type IV or gelatinase A) degrades type IV (basement membrane), type V, and type VII collagens, as well as denaturated collagens, and plays a crucial role in collagen degradation of connective tissue. 11 12 MMP-3 (synonymous with stromelysin 1) can enhance the activity of MMP-1 and degrades a wide range of ECM components. MMP-3 is of central importance in normal tissue remodelling 13 and causes severe tissue injury when added directly to explant cultures of fetal human intestine. 14 We and others have shown in previous studies that levels of MMP-1, MMP-2, and MMP-3 mRNA are increased in UC. [15] [16] [17] Using zymography, which is the standard technique for measuring the functional activity of proteases, Baugh and coworkers demonstrated an increase in metalloproteinase activity in inflamed mucosa in patients with UC and Crohn's disease. 18 Of the proteases detected, MMP-9 was the most abundantly expressed in the inflamed bowel. Further studies implicating MMPs in intestinal tissue destruction came from Saarialho-Kere et al who demonstrated an increase in MMPs in human gastrointestinal ulcers. 19 20 As pouchitis is accompanied by focal ulcerations, villous atrophy, and crypt hyperplasia, in our first set of experiments we quantified mucosal concentrations of MMP-1 and MMP-2 in IAP to test the hypothesis that these enzymes have a role in the pathogenesis of pouchitis. Our data showed that expression of MMP-1 and MMP-2 protein was increased in acute pouchitis and was associated with crypt hyperplasia as a morphological correlate of intestinal remodelling.
Material and methods

PATIENTS
From January 1996 until January 1999, 33 patients with IAPs were investigated. The first group represented 14 UC patients with a noninflamed IAP. In the second group 11 UC patients with clinical, endoscopic, and histological signs of pouchitis were included. Activity of pouchitis was assessed using the pouchitis disease activity index (PDAI) described by Sandborn.
3 Acute pouchitis was defined as an index greater than seven points. Follow up studies were performed in eight patients with acute pouchitis who were treated for two weeks with metronidazole (1200 mg orally/day). These patients served as an intraindividual comparison after improvement of pouchitis. Eight patients with FAP who had an IAP after proctocolectomy served as controls. All patients had a proctocolectomy with creation of an ileo-anal J pouch by a two stage or one stage procedure performed by the same team of surgeons. Mucosal biopsies were obtained during endoscopy from IAPs and the neoterminal adjacent ileum. All pouch biopsies were obtained within 5-10 cm of the anal verge using a flexible sigmoidoscope (Olympus, Heidelberg, Germany). Ileal biopsies were taken 10-15 cm proximal to the IAP. For ethical reasons it was not possible to take more than eight biopsies from each region. Therefore, in all patients two biopsies were used for conventional histological analysis and microdissection, and three biopsies for determination of MMP-1 and MMP-2 concentrations by ELISA (see below). The remaining biopsies were used for western or northern blotting or for in situ hybridisation. Ten patients with active UC (rectosigmoid region, median age 36 years (range 17-59)) served as a second control group. In these patients biopsies were taken from macroscopic/histological inflamed and uninflamed segments. Samples for ELISA, or western or northern blotting were immediately snap frozen in 0.9% NaCl and stored at −80°C. For in situ hybridisation experiments, biopsies were fixed in 4% formalin.
DETECTION OF MMPs BY ELISA
Three biopsy specimens (10-20 mg) were thawed in protease inhibitor solution (Complete, Boehringer, Germany) and transferred to neutral buVer (0.1 M NaCl, 0.01 M Tris, pH 7.6, 0.001 M EDTA) containing the proteinase inhibitors. Biopsies were homogenised mechanically followed by centrifugation at 4000 g for 10 minutes. Quantitation of MMPs in supernatants was performed using commercially available MMP-1 and MMP-2 ELISAs as described by the manufacturer (Amersham Buchler, Braunschweig, Germany). MMP assays recognise the precursors of MMP-1 and MMP-2 (proMMPs)-that is, free proMMP-1 and proMMP-2 and MMP-1/-2 complexed with TIMP-but not active forms of MMPs. The limit of detection for MMP-1 was 1.7 ng/ml and for MMP-2 0.37 ng/ml. MMP-1 and MMP-2 concentrations are expressed as mg of total protein, as measured in the samples using the BioRad assay (BioRad DC Protein Assay Kit, Bio-Rad, Munich, Germany).
To determine intra-assay variation, part of a proctocolectomy specimen was homogenised in 2 ml of neutral buVer and MMP-1 and MMP-2 concentrations were determined in several fractions. The coeYcient of variance was 9.1%. In addition, to analyse variations in MMP-1 and MMP-2 concentrations in a defined inflamed segment of UC, multiple biopsies were taken from this segment. The variation per given area of MMP-1 and MMP-2 concentrations was 20.2-25.7 ng/mg protein and 21.2-33.2 ng/mg protein, respectively (n=6). To quantify MMP-1 and MMP-2 concentrations in normal tissue, samples of colonic mucosa were removed from macroscopically normal colon of patients with colorectal carcinomas (n=20). In this group, median MMP-1 and MMP-2 concentrations were 7.7 ng/mg protein (range 2.2-20.4) and 4.75 ng/mg protein (range 1.7-13.2), respectively. WESTERN 
BLOTTING
For western blotting experiments, three biopsies from each patient were homogenised in detergent buVer (1.1 M urea, 2% sodium dodecyl sulphate, 0.01% bromphenol blue, 2% dithiothreitol). Subsequently, samples were heated for 15 minutes at 95°C followed by centrifugation at 4000 g for 10 minutes. Similar amounts of supernatant protein (10 µg per lane) were loaded in each lane of a 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis under reducing conditions. After gel electrophoresis, proteins were transferred to nitrocellulose membranes. Monoclonal antihuman MMP-1 or antihuman MMP-2 antibodies (Oncogene, Cambridge, Massachusetts, USA) were used at a dilution of 1:100. These antibodies recognise both the active and proenzyme forms of MMPs. A goat antimouse antibody conjugated to horseradish peroxidase (Dianova, Hamburg, Germany) was used as a secondary antibody (1:5000). Bands were visualised using diaminobenzidine as chromogenic substrate. Computer assisted scanning densitometry (Image Gauge 3.0, Fuji, Japan) was used to analyse the intensity of the immunoreactive bands in western blots. RNA from three biopsies from each patient was isolated using a commercially available mRNA purification kit (Quickprep Micro mRNA Purification Kit, Pharmacia Biotech, Freiburg, Germany). Biopsies were lysed by homogenisation in 0.6 ml of a buVer containing 4 M guanidine thiocyanate, 50 mM Tris (hydroxymethyl) aminomethane HCl, pH 7.5, 10 mM EDTA, 0.5% sodium laurylsarcosine, and 0.1 M mercaptoethanol. The homogenate was cleared by a short centrifugation, and the supernatant was transferred to a microcentrifuge tube containing oligo(dt)-cellulose. The tube was centrifuged for 10 seconds, and the supernatant removed from the pelleted oligo(dt)-cellulose. The pellet was then washed sequentially with high salt and low salt buVer. mRNA was eluted by means of a microcolumn, 
Figure 1 MMP-1 and MMP-2 concentrations in uninflamed pouches, in pouchitis, and in active ulcerative colitis (UC). Mucosal biopsies were taken from ileo-anal pouches and the adjacent ileum from individual patients without (A) (n=10) or with pouchitis (B) (n=7) and from patients with active UC (C) (n = 10). For technical reasons it was not possible to take ileal biopsies in one patient with pouchitis and four patients with uninflamed pouches. MMP-1 and MMP-2 concentrations were determined as described in material and methods. Columns represent the median of all patients; lines connect intraindividual MMP-1 and MMP-2 concentrations.
Ileum Pouch ethanol precipitated, and redissolved in distilled water. mRNA was denaturated, subjected to electrophoresis through 1% agarose in the presence of formaldehyde, and transferred to nitrocellulose, as described previously. 21 Hybridisation was carried out using MMP-1 and MMP-2 probes (see above). For generation of MMP-1 and MMP-2 specific probes, DNA was digoxigenin labelled by random primer extension. Filters were washed sequentially in 2×, 0.5×, and 0.1× standard saline citrate in the presence of 0.1% sodium dodecyl sulphate at 68°C for 30 minutes. To ensure that equal amounts of RNA were loaded, filters were incubated with an MMP-2 specific probe and a digoxigenin labelled -actin sample (Boehringer, Mannheim, Germany) which is characterised by a typical 1.7 kB band in parallel. As MMP-1 and -actin RNA are located in the same region, mRNA was divided into two samples and processed in parallel. Finally, an antidigoxigenin-alkaline phosphatase antibody (1:5000) (Boehringer) was added. After additional washing steps (2×15 minutes) the staining solution containing the colour substrates nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate, toluidine salt, was added and development of the blue colour was observed. mRNA bands were quantified by densitometry as described above.
IN SITU HYBRIDISATION EXPERIMENTS
In addition to northern blots we used in situ hybridisation to characterise MMP transcript expression in pouchitis and identify MMP-1 and MMP-2 RNA expressing cells. RNA expression of MMP-1 and MMP-2 was examined on paraYn embedded tissue sections with 35 S labelled MMP-1 and MMP-2 specific riboprobes (see above). Prehybridisation, hybridisation, washing procedures, including removal of non-specifically bound probes by ribonuclease A digestion, and autoradiography of slides were performed as described in detail previously. [22] [23] [24] As a negative control sense probes to MMP-1 and MMP-2 were used.
STATISTICAL ANALYSIS
Results are given as median (range). Statistical significance was calculated using the Wilcoxon rank test, and was considered significant at p<0.05. Spearman rank correlation coeYcients were calculated using the StatView SE + Graphics program on a Macintosh computer.
Results
DETECTION OF MMP-1 AND MMP-2 IN MUCOSAL
BIOPSIES
Using an ELISA technique, mucosal concentrations of MMP-1 and MMP-2 in IAPs were determined in patients with and without pouchitis. In UC patients with pouchitis (n=11), tissue concentrations of MMP-1 and MMP-2 were increased compared with UC patients (n=14) and FAP patients (n=8) without pouchitis (table 1). Furthermore, in individual patients, concentrations of both MMPs in inflamed pouches were significantly increased compared with non-inflamed ileal mucosa (fig 1) . Increased MMP-1 and MMP-2 concentrations in pouchitis were comparable with MMP concentrations in active UC. In inflamed segments, both metalloproteinases (MMP-1 and MMP-2) were significantly increased compared with uninflamed segments in the same patient (see table 1, fig 1) . Concentrations of MMP-1 and MMP-2 in uninflamed colon of patients with UC were similar to mucosal concentrations in normal mucosa of patients with colorectal carcinomas (see material and methods).
TREATMENT OF POUCHITIS RESULTED IN A DECREASE IN MMP-1 AND MMP-2
CONCENTRATIONS
As concentrations of MMPs were increased in pouchitis, we investigated the eVect of medical treatment (metronidazole) on MMP-1 and MMP-2 concentrations in patients with acute pouchitis. After a median follow up of six weeks, a significant decrease in both MMPs in seven of eight patients was observed after improvement of clinical symptoms and 2) .
Figure 2 Concentrations of MMP-1 and MMP-2 after treatment of pouchitis. Mucosal biopsies were taken from ileo-anal pouches from individual patients (n=7) with pouchitis before and after treatment with metronidazole for two weeks, and analysed for MMP-1 and MMP-2 concentrations. Lines connect the follow up values for MMP concentrations before and after normalisation of clinical and endoscopic signs of inflammation; bars represent median of all patients. In one patient (*), endoscopic follow up after treatment did not show a significant improvement in mucosal inflammation. However, clinical and histological parameters improved.
PRESENCE OF PROTEOLYTICALLY ACTIVATED
MMPs IN POUCHITIS
To analyse the ratio of MMP proenzymes and proteolytically activated enzymes, tissue extracts were subjected to western blotting and normalised by comparison with smooth muscle -actin (fig 3) . Densitometric evaluation of the MMP-1/ -actin ratio and MMP-2/ -actin ratio, as detected by western blots in samples from patients with pouchitis (n=5) and patients without pouchitis (n=5), demonstrated an increase in MMP-1 or MMP-2 in pouchitis compared with uninflamed pouches (table 2) . More importantly, only in biopsies from patients with pouchitis were two bands of 52 kDa and 42 kDa or 72 kDa and 66 kDa found which were compatible with detection of zymogen and the proteolytically activated MMP-1 and MMP-2, respectively (fig 3) . Taken together, these findings confirm the quantitative diVerences in MMPs between inflamed and non-inflamed pouches and indicate that the presence of activated enzymes is related to pouch inflammation.
INCREASED MMP-1 AND -2 TRANSCRIPTS IN
POUCHITIS
To confirm the ELISA and western blotting data, northern blot analyses were performed with mRNA extracts from patients without pouchitis (n=6) and from patients with inflamed pouches (n=4). Figure 4 shows a northern blot analysis from an inflamed pouch and an uninflamed ileum using MMP-1 and MMP-2 specific probes. In the uninflamed ileum or uninflamed pouch only a weak band corresponding to MMP-1 mRNA was seen (see fig 4, lane B) whereas a stronger signal was found in biopsies from pouchitis ( fig 4, lane C) . A similar pattern of signal intensities was observed when northern blots were probed for MMP-2 mRNA (fig 4, lanes D, E) . Densitometric evaluation of MMP mRNA bands, as detected by northern blots, revealed an increased ratio of MMP-1 and MMP-2 transcript concentrations in samples from patients In addition to northern blots we performed in situ hybridisation to characterise MMP transcript expression in pouchitis and identify MMP-1 and MMP-2 RNA expressing cells. In pouchitis (n=2), MMP-1 and MMP-2 gene transcript levels were markedly increased in cells of the lamina propria, especially in spindle shaped cells of the lamina propria, predominantly in the cell layer located directly underneath the epithelial cell layer (subepithelial myofibroblast sheet) (fig 5A, B) . The number of labelled cells was higher than in the adjacent ileum and correlated with the cellular density of the inflammatory infiltrate. Intraindividual comparison revealed low MMP-1 and MMP-2 gene transcript steady state levels in specimens of ileum that showed only weak or moderate signs of chronic and unspecific inflammation ( fig 5D) . In parallel, in uninflamed pouches (n=2), MMP-1 and MMP-2 transcript levels were near the threshold of detection in most cases, requiring extended exposure times. In summary, the intensity of the autoradiographic MMP-1 and MMP-2-transcript specific signals was positively correlated with the cellular density of the inflammatory infiltrate and significantly increased in inflamed pouches.
Figure 4 Northern blot analysis of MMP-1-and MMP-2 in mucosal biopsies from patients with pouchitis. Northern blot analysis of MMP-1 (lanes B, C) and MMP-2 (lanes D and E, upper arrow 3.1 kB) and -actin RNA (lower arrow 1.7 kB). The box in the lower part of lanes B and C represents -actin RNA of B and C. Lane A represents the RNA bp standard. mRNA was extracted from biopsies from the adjacent uninflamed ileum serving as an internal control (lanes B and D) and inflamed pouch (lanes C and E). A representative example of one of five patients is shown.
Discussion
Current concepts of the pathogenesis of pouchitis postulate that inflammation in patients with IAP after proctocolectomy may represent recurrence of UC in the small intestinal mucosa under diVerent conditions. We and others have described increased concentrations of MMP transcripts, including MMP-1 and MMP-2 mRNA in UC. 10 16 To determine if MMP concentrations change and lead to degradation of the ECM in pouchitis, in a first set of experiments we quantified MMP-1 and MMP-2 in biopsies of IAPs from patients with and without pouchitis and compared the values with MMP concentrations in active colitis. We showed significant increases in concentrations of MMP-1 and MMP-2 in both pouchitis and active colitis compared with mucosal specimens from uninflamed pouches, normal ileal mucosa, or uninvolved colon. We complemented our study by using western and northern blot analysis, demonstrating increased MMP-1 and MMP-2 mRNA and protein content in pouchitis compared with uninflamed pouches or uninflamed ileum from the same patients. Recently published data from von Lampe et al support our data. Using competitive RT-PCR, they demonstrated increased MMP-1 and MMP-2 transcripts in pouchitis compared with uninflamed pouches. 25 How- ever, it is possible that the increase in mucosal MMP-1 and MMP-2 concentrations in pouchitis compared with non-inflamed pouch mucosa could be an underestimation of the in vivo situation which may be characterised by increased activation of MMPs in relation to proenzyme concentrations. Detection of active forms of both enzymes (MMP-1 and MMP-2) using western blot analysis in tissue extracts from our patients with pouchitis compared with uninflamed pouches supports this hypothesis.
Production of MMPs by inflammatory cells has recently received increased attention. In agreement with the results of Pender's group, who described mesenchymal cells as major producers of MMPs in explants of fetal gut, 26 we identified, using in situ hybridisation, spindle shaped cells of the lamina propria, predominantly in the cell layer located directly underneath the epithelial cell layer as the major source of MMPs in pouchitis. In addition, Milani et al described vimentin positive, CD68 negative mesenchymal cells as producers of MMPs in normal and fibrotic human liver. 27 However, as immunohistological staining of MMP positive cells in pouchitis was not performed, we cannot exclude the fact that polymorphonuclear leucocytes also produce MMPs, especially MMP-2, as described by Bailey and coworkers. 15 T cells and macrophages that are resident next to mesenchymal cells may play a regulatory role in MMP production. In pouchitis, local concentrations of proinflammatory cytokines such as interleukin 1 (IL-1) and interferon are markedly increased. 28 29 Cell culture studies revealed that IL-1 caused an increase in steady state levels of MMP-1 mRNA in a human intestinal smooth muscle cell line. 30 Recently it was shown that IL-1 activates AP-1 and protein kinase C dependent signal transduction pathways in human skin fibroblasts or intestinal smooth muscle cells. 31 32 33 However, the direct eVect of IL-1 on intestinal fibroblasts isolated from patients with IAPs is unknown. Additional inflammatory mediators, such as tumour necrosis factor (TNF-), are also potent physiological stimuli for metalloproteinase production in mesenchymal cells. 14 34 We have also shown that treatment with metronidazole normalises MMP-1 and MMP-2 levels in active pouchitis. Based on the findings that MMPs are not increased in biopsies from normal pouch mucosa and that proinflammatory cytokines such as IL-1 or TNF-are potent inducers of MMPs, we would predict that any therapy that reduces mucosal inflammation will lead to reduction in MMP concentrations. Indeed, we have previously shown in acute pouchitis that metronidazole downregulates the state of activation of mucosal lymphocytes. 28 Recent attention has focused on monoclonal anti-TNF-antibodies as an eYcient treatment for destructive and fistulising Crohn's disease. 35 Blockade of TNF-has dramatic eVects on the ability of the matrix to restore itself. Treatment with anti-TNF-antibodies caused downregulation of MMP-1 and MMP-3 in the serum of patients with active rheumatoid arthritis. 36 In addition, in an in vivo model of T cell mediated matrix degradation in explants of human fetal intestine, blockade of TNF-prevented matrix degradation. 37 In one patient with persistent endoscopic signs of pouchitis, treatment with metronidazole resulted in a decrease in MMP-1 but not MMP-2 concentrations (see fig 2) . It should be noted that a patchy distribution of inflammation was found in 64% of pouchitis patients. 38 Therefore, it is possible that MMPs are elevated in inflamed areas (patchy lesions) and normal in adjacent uninflamed areas. However, in our study the increase in mucosal MMP concentrations in pouchitis was generally paralleled by the presence of focal ulcerations, aphthous lesions, and crypt hyperplasia. These are only indirect lines of evidence supporting a destructive role for MMPs in vivo. However, data from in vitro studies revealed a causal relation between MMP concentration and mucosal destruction. Addition of recombinant MMPs caused mucosal destruction in fetal small intestinal explants with villous atrophy, crypt hyperplasia, and shedding of epithelial cell.
14 These authors also showed that addition of inhibitors of MMPs resulted in inhibition of tissue injury. Villous atrophy and crypt hyperplasia are also characteristic features of active coeliac disease. Using the in situ hybridisation technique, Daum and coworkers detected an increase in MMP-1 mRNA steady state concentrations in areas of villous atrophy and crypt hyperplasia in untreated coeliac disease. 39 Taken together, these data indicate a strong relationship between MMPs and mucosal transformation. However, net ECM degrading proteolytic activity results from the balance between local concentrations of activated enzymes and their endogenous inhibitors. Therefore, analysis of TIMP-1 and TIMP-2 concentrations in acute pouchitis is of special interest. In this context it is important to note that MMP-3 is markedly overexpressed in inflamed intestinal mucosa of patients with inflammatory bowel disease whereas TIMP-1 remains unaltered (T T MacDonald, personal communication).
In conclusion, our data provide evidence that increased levels of intestinal MMP-1 and MMP-2 play a major role in degradation of the intestinal matrix and are probably the final step in the cascade of events leading to tissue injury in pouchitis.
